Introduction
Currently, the most intensively studied aspects of the complex pathogenesis of salmonella infections are attachment to and invasion of intestinal epithelia in uiuo or cell culture in ~i t r o , ' -'~ and invasion of and survival in macrophages. ' O9 [15] [16] [17] [18] [19] It is almost canonical that virulent salmonellae are invasive ; however, some strains of Salmonella typhimurium are invasive but are avirulent in that they do not induce fluid secretion in the rabbit ileal loop test (RILT)20,21 or cause disease in monkeys. 22 Virulence may depend upon the degree of invasiveness, the route or mechanism of invasion, the biological sequelae to invasion, or a combination of these.
Because quantitative study of invasiveness is difficult in V~U O , ~ cultured cells have been used for assessing invasiveness, and for screening mutants for loss of putative invasins; the significance of such data is most often assessed in mice.7989' 1 y 1 2 7 2 3 These experiments, together with those on the invasion of macrophages and the bacterial determinants of intraphagocytic survival, 10, [15] [16] [17] [18] [19] 23 probably reflect typhoid-like disease in man and not acute gastroenteritis. A better laboratory animal model for the latter is the RILT developed by Giannella et a1. 20 and since used extensively by Stephen and colleagues.972 The importance of this distinction cannot be over-emphasised because the incubation period and the clinical signs of these two human diseases are quite different. 29 The need for caution in interpreting data derived from cell culture was shown in the work of Finlay et al. ' who generated six classes of TnphoA mutants of S . choleraesuis : whereas wild-type bacteria would attach to, internalise and transcytose MDCK cells, none of the six classes of mutant would do so, yet some mutant strains retained their virulence for mice by the oral route. It was also claimed6 that in the process of internalisation new proteins were expressed, and these were said to be involved in the process, although five of the six classes of mutant also expressed them. Clearly these new proteins cannot, as has been more recently ~t a t e d , '~ be involved uniquely, if at all, in MDCK cell transcytosis.
The need to establish the role and the mechanism of invasion of gut epithelia by salmonellae and other enteric pathogens is sufficient to warrant continued efforts to develop in-vitro methods which reflect situations in uiuo. The objective of our study was to establish conditions whereby virulent strains of S . typhimurium could be distinguished from avirulent strains by quantitative assessments of internalisation of HEp-2 cells.
Materials and methods

Strains of S. typhimurium
As previously de~cribed,~' strains TML, W 118 and WAKE are virulent in terms of their origin from human clinical disease and their ability to elicit a fluid response in the RILT. Strains LT7, SL1027, M206 and Thax-1 are avirulent as judged by their failure to cause disease in monkeys (reviewed by Stephen et or fluid secretion in the RILT.21 Strain SL1027 was flagellate but non-motile; strain Thax-1 was nonflagellate and n~n-motile.~
Bacterial culture
Organisms stored at -70°C were plated on MacConkey agar. For cultures in liquid media, Hartley Digest Broth (HDB; Oxoid) was used until production was discontinued; then a sample of a special batch by the same manufacturer was obtained from the Public Health Laboratory Service, Colindale Avenue, London. Myosate Broth (MB; Becton Dickinson Labware, Oxford) was used as an alternative to HDB.
Cell culture
HEp-2 cells were chosen because of their widespread use and ready availability. The initial seed was a gift from Dr S. Knutton (Institute of Child Health, University of Birmingham). Cells were stored in a nitrogen bank in CMEM (see below) containing dimethylsulphoxide (Sigma) 10%. They were grown in Falcon tissue-culture flasks (75 cm2; Becton Dickinson) in Minimum Essential Medium (MEM) containing 2 m~ L-glutamine and fetal calf serum 10% (all from Gibco, Paisley), designated complete medium (CMEM). Benzyl penicillin 100 U/ml and streptomycin sulphate 100 pg/ml were added to this to produce CMEM-A. A second batch of fetal calf serum was obtained from Northumbria Biologicals Ltd, Cramlington ; because batches varied, each was tested before purchase for ability to promote invasion of strain TML or W 1 18.
An inoculum of c. lo6 HEp-2 cells in 1.5 ml was seeded into 15 ml of CMEM-A. Flasks were gassed (C02 5%, air 9573, and incubated at 37°C for c. 48 h at which time the cells were confluent. The medium was removed, and the monolayer was washed with Mg2
and Ca2+-free phosphate buffered saline (PBS; Gibco); 1 ml of trypsin-EDTA (Gibco) was added, and removed after 30 s. The monolayer was incubated for 3-5 min; the cells were then removed and passed in fresh medium (one flask to three) or used in the invasion assay. Cells were passed no more than 20 times before a fresh seed was taken from the nitrogen bank. Cells were screened regularly with acridine orange and Hoechst stains for contamination with mycoplasmas.
Invasion assay
The following method represents the final version which evolved from the experiments described in the Results section. Each well in a 24-well tissue-culture tray (Becton Dickinson) was seeded with (2-4) x lo5 HEp-2 cells in 1 ml of CMEM-A. Trays were gassed in a sealed box, and incubated overnight at 37°C; the resulting monolayers were usually confluent. Before inoculation of the wells with bacteria, the CMEM-A was removed, and the monolayers were washed with CMEM.
Bacteria were transferred from MacConkey agar by sweep to 10ml of HDB or MB in a 25-ml screwcapped bottle and incubated statically at 37°C overnight. This culture was centrifuged, and the bacteria were resuspended in 10 ml of fresh medium, 1 ml of which was transferred into 90 ml of HDB or MB and incubated statically at 37°C for 3 h unless specified otherwise. After centrifugation, the bacteria were resuspended at the required cell density (see below) in CMEM, and the suspension was mixed thoroughly with a 1-ml Gilson pipette to disperse any clumps of bacteria.
One ml of this bacterial suspension was added to each assay well, and the inoculated trays were centrifuged at 300g for 30min at 37"C, gassed in sealed boxes and then incubated at 37°C for 2 h unless otherwise stated. Supernates were removed, and monolayers were washed once with PBS; 100 pg of gentamicin in 1 ml of CMEM was added to each well, and the trays were gassed and incubated for 1 h at 37°C. Supernates were removed, and monolayers were washed twice with PBS. One ml of Triton X-100 (1% in PBS) was added to each well ; after 10 min a surface-sterilised rubber policeman was used to dislodge adherent bacteria and cell debris from the plastic substratum. A pasteur pipette was then used to agitate further the well contents and to disperse bacterial aggregates before counts were estimated. Because it was impossible to pre-determine the exact viable count of the inoculum, invasion was assessed as a percentage of the initial inoculum in each experiment.
Intracellular growth
The invasion assay was performed as above, in duplicate up to the point of gentamicin addition. Gentamicin was removed from one set of wells after 1 h, as above; in the other sets, gentamicin was left for a further 2, 3 or 5 h. The assays were then completed as above. By comparison of the two sets of data, significant intracellular growth could be assessed.
Staining of monolayers
By seeding with (2-4) x 10' cells in 1 ml of CMEM-A, HEp-2 cell monolayers were prepared on 12-mm glass coverslips in bijou bottles, previously washed to tissue-culture standard, or in tissue-culture trays. The coverslip monolayers were infected with bacteria, as above, and were then fixed with formal saline (HCHO 10% in saline) and stained with Giemsa stain.
Total and viable counts of bacteria
Total counts were performed, in a Helber chamber, on organisms killed by formal saline. For viable counts, 10-fold dilutions were prepared, and 25-pl volumes were spread carefully over a quarter of a plate of MacConkey agar. Three samples of each dilution were plated; counts were made preferably from dilutions yielding 40-1 50 colonies. A duplicate series of dilutions was used for inocula; a single series of dilutions was made from each well, but the recorded data are usually the means of c. 8-10 wells.
Results
High bacterial inocula
We used initially a bacterium :cell ratio of 100 : 1 and a 2-h period for their interaction. After treatment with gentamicin to kill extracellular bacteria, and Triton X-100 to release intracellular bacteria, significantly less than 1% of the original bacterial inoculum was recovered ( fig. 1 ). Moreover, this percentage was inversely related to the size of the inoculum ( fig. 2) . Also, with high inocula, the cell culture medium became acidic.
Microscopic examination of Giemsa-stained monolayers revealed a high concentration of bacteria on the monolayer, and a pleomorphic spectrum from uniformly stained rods to rods with faint bipolar staining ( fig. 3) . It was not possible to record these types with equal clarity in the same field because many of the bipolar organisms were probably internalised. After interaction for > 2 h, many HEp-2 cells became rounded when virulent strains W 1 18 and TML were used ( fig. 3) . Thus, the biological significance of the quantitative data obtained with these strains was uncertain; for example, damage to HEp-2 cells may allow the uptake of gentamicin, and the killing of intracellular bacteria. Cell-rounding did not occur with strain WAKE or the avirulent strains.
The disadvantages of high inocula were low recovery of intracellular bacteria, a fall in pH, rounding of the fig. 1 , except that serial dilutions of the bacterial suspension were used, to give initial bacterium :cell ratios of 1000 : 1, 100 : 1 and 10 : 1, by inoculating the wells with c. 5 x lo8, 5 x lo7 and 5 x lo6 bacteria, respectively.
Fig. 4.
Residual bacteria bound to cell nuclei or debris after Triton X-100 treatment. These were short bipolar rods similar to some in fig. 3b . Bar=4 pm.
W118, WAKE and SL1027 increased to c. 10% of the initial inoculum at 2 h, and up to 3040% at 4 h depending on the strain ( fig. 5 ). These data ( fig. 5 ) represent the pattern obtained in experiments with the same batch of HDB and fetal calf serum. The invasiveness of strain SL1027 was the most variable (see below); it was always greater than that of the other avirulent strains and of virulent strain WAKE, and it was similar to or greater than that of strains TMLand W118. 
Bacterial release
With high inocula, after Triton X-100 treatment, many organisms remained bound to residual cell nuclei ( fig. 4) . Subsequent use of a rubber policeman, and vigorous pipetting to disperse aggregates of bacteria and cell debris, increased the recovery of bacteria that survived treatment with gentamicin.
Low bacterial inocula
In a limited experiment, strains TML, W 118 and WAKE were compared over a range of inocula, with only four wells for each inoculum. Table I shows that the highest inoculum for optimal recovery of strains TML and W118 was 105-a bacterium :cell ratio of c. 1 : 1. This was also the highest ratio that did not lower the pH or cause cell-rounding with any strain; so, it was chosen for all subsequent work.
A full-scale controlled comparison of all seven strains was carried out for interaction periods of 2 and 4 h with HEp-2 cells. The recovery of strains TML,
Reproducibility
The pattern of comparative strain behaviour, but not absolute invasion values, was highly reproducible on different days and in different hands. The range of values, with eight or 10 wells in each experiment, is indicated in table 11. The main exception was strain SL1027 : in contrast to fig. 5 , experiments 3 and 4 (2 h) and 1 (4 h) show the invasiveness of strain SL1027 to be less than that of strain TML or W118; in the other four experiments, it was similar to or greater than that of strain TML or W 118.
InBuence of bacterium-cell interaction time
With interaction times of > 2 h, the distribution of bacteria was uneven: many cells had no associated bacteria, but microcolonies were seen in association with some cells (fig. 6 ). This phenomenon either does not happen with high inocula, or is occluded by the high density of bacteria associated with the monolayer.
Three experiments were carried out to determine the extent of intracellular growth during exposure of cells to gentamicin for 2-5 h beyond the standard 1-h gentamicin treatment. Fig. 7 shows that some growth took place, but this was very small compared to the increase in extracellular bacteria obtained for all strains except Thax-1 ( fig. 8) . Between 1 and 3 h (fig.  7a) and between 1 and 4 h (fig. 7b ) the increases in viable bacteria were c. two-fold; between 1 and 6 h ( fig. 7c) c. three-fold. 
Influence of bacterial phenotype
Overnight cultures were found to be less invasive than those in log phase; 3-h cultures were adopted as standard. Also, significant differences were observed between bacteria grown in MB and those grown in HDB ( fig. 9) . 
Influence of fetal calfserum
As reported in a similar there were significant differences between batches of fetal calf serum, but the reason was not established. Strain SL1027, which tended to give more variable results than the others, was most affected by changes in batches of serum.
Influence of centrifugation of bacterial inoculum on to cell monolayer
One possible explanation for the seemingly greater invasiveness sometimes exhibited by the avirulent strain SL1027 over that of the virulent strains (see fig.  5 ) was that the result was artefactual. Since strain SL1027 was flagellate but not motile, the effect of centrifuging the inoculum on to the HEp-2 cell monolayer was considered. A comparison was therefore made between strains W118 and SL1027, with and without centrifugation. Omission of the centrifugation step reduced the invasiveness of SL1027 to a level significantly below that of W118 ( fig. 10 a) and depressed the absolute degree of invasiveness of both strains W118 and SL1027 ( fig. 10 a,b) .
Discussion
This work reveals the influence of several technical factors on the interaction of bacteria and host cells in 
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Strain of S. typhimurium damage and allow entry of gentamicin, and hence reduce the recovery of viable intracellular bacteria. Even if there were strain differences, conditions should be arranged such that the damage caused by the most cytotoxic strain would be minimised. Use of a rubber policeman after detergent treatment, and vigorous pipetting in dilution for viable counts, greatly increased the counts. The latter procedure has recently been a d~p t e d , '~ but we know of no report on the use of physical methods to remove the bacteria.
The absolute values of invasiveness of a strain did vary between experiments, as reported in a similar study. l o However, apart from strain SL1027 which gave highly variable results, within each experiment the pattern of our results was highly reproducible (table 11) . Therefore, this test could be used to screen mutant strains for loss of invasiveness when compared to the wild-type parent in the same experiment. Great care was taken to ensure that bacterial inocula applied to the monolayers were single-cell suspensions. However, microcolonies were always seen at 2 h after inoculation. It has not yet proved possible to infect each cell in the monolayer with only one or a few organisms. It seems important to know whether the microcolonies resulted from a small number of host cells expressing the necessary receptors to which bacteria must first attach and thereby stimulate their uptake-i.e., was dependent on the surface phenotype of the cell-or, as has been suggested for isolated rat enterocytes,' whether attachment of a few bacteria promotes the release of a chemotaxin which results in focal aggregation of bacteria and ingestion of a microcolony. This is under study at present, because it might help to explain the similar phenomenon of microcolony ingestion in ~i v o . ' ?~
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With high inocula, pleomorphism ( fig. 3 ) was always observed, but not with low inocula (fig. 6 ). We found the faint bipolar staining to be typical of cells in stationary or decline phase in batch culture (unpublished observations). Therefore, this may reflect exhaustion of the extracellular culture medium, as indicated by the drop in pH. Also, because many of these bipolar bacteria appeared to be intracellular, they may indicate a less favourable environment. The growth rates implicit in fig. 7 support this, as does the bipolar appearance of released bacteria in fig. 4 .
The data on strain SL1027 are important because, without them, there was a good correlation between invasiveness and virulence : virulent strains TML, W 118 and WAKE were more invasive than avirulent strains LT7, M206 and Thax-1 . In many experiments (e.g., fig. 5 ) strain SL1027 was the most invasive of the seven tested; yet it is avirulent.20*21 It is invasive, also, as judged by its recovery in enrichment culture from internal organs after intestinal inoculation,2 but it is relatively non-invasive as judged by immunofluorescent antibody analysis of intestinal mucosa from RILs inoculated with it (unpublished observations). This raises questions about the validity of the HEp-2 test to distinguish virulent from avirulent strains, and about the use of the test as a primary screen for detecting mutant strains that were potentially less invasive in the gut than their wild-type parents. HEp-2 cellseven under the optimised conditions described heremay not reflect sufficiently well the susceptibility to invasion of gut epithelial cells in viuo. However, strain SL1027 seems peculiar, and our confidence in the use and interpretation of test data remains. When strain SL1027 was applied to HEp-2 cells, without centrifugation on to the monolayer, the recovery of intracellular bacteria fell, as might have been expected, and its invasiveness was very much lower than that of strain W 118 ( fig. 10 ). It may be significant that strain SL1027 is flagellate and non-motile and that, in studies on association with gut cells in vitro' which did not involve centrifugation, it associated less well than strains TML and W 1 18 but better than strain Thax-1 which is non-flagellate. If motility increases the frequency of productive attachment and entry, and if flagella are involved in attachment, these observations appear reasonable. Two important points arise from such considerations. First, such an interpretation is possible only by virtue of prior knowledge of relevant biological properties : one could not have extrapolated in the reverse direction from HEp-2 cell data to gut. Second, if the centrifugal step is to be retained (as indeed it must for logistical reasons) for initial screening of large numbers of mutant strains for loss of invasiveness, the possibility must be recognised that some mutants may show an apparent increase in invasiveness when compared with their wild-type parents : these would then need to be rigorously tested in a non-centrifuge-assisted assay.
Comparison of strains TML, W 118 and WAKE shows that WAKE was consistently less invasive than the other two, though all three appear virulent by their clinical origin and their behaviour in RILTs. It seems more than coincidence that the invasiveness described here closely parallels the influx of polymorphonuclear (PMN) cells induced by these strains. 25 Together, these data highlight the multifactorial and quantitative nature of the virulence of S . typhimurium. The invasiveness of strain WAKE, though less than that of strains TML and W 1 18, must be sufficient to initiate the next step in the biological sequel leading to clinical signs. If that next step is induction of a PMN then sufficient PMNs are recruited by strain WAKE to initiate the complex process of toxin processing and release which, as has been argued,25926 could be involved in the induction of fluid secretion.
Invasiveness is also phenotypically determined ; organisms grown in MB were consistently less invasive than those grown in HDB. If the genes controlling invasion (inv) are identified and characterised in ongoing studies, it may be possible to study the physiological regulation of these genes by analysis of the two media. Also, expression of cholera toxin related antigen (CTRA) is similarly regulated,28 and CTRA may be a precursor of an active CT-like t o~i n~' ,~~ which may be involved in the induction of fluid ~ecretion.~' Znv and ctra may be co-ordinately regulated.
Because invasiveness is measured by the number of bacteria recovered after treatment with gentamicin, and because the number recovered increases with time, it is important to apportion the increase between bacteria which continue to invade during the experiment and those which have multiplied intracellularly. This could be crucial in the comparison of fast-growing invasive parent strains with mutants which grow slowly. The two-fold increase in the first 4 h ( fig. 7 a,b) may be merely the completion of multiplication to which invading bacteria were already committed ; this would be consistent with electron micrograph^^ that show dividing cells entering enterocytes. The increase seen by 6 h ( fig. 7c ) may represent further intracellular growth of organisms, the rate of which was vastly slower than that occurring extracellularly. Shorter and longer periods of incubation in the presence of gentamicin would be required to establish these points.
